Background: Orlistat (Xenicale), a US Food and Drug Administration (FDA)-approved drug for bodyweight loss, has recently been demonstrated to exhibit antitumor properties towards prostate cancer cells by virtue of its ability to block the lipogenic activity of fatty acid synthase (FAS). FAS (oncogenic antigen-519) is up-regulated in about 50% of breast cancers, is an indicator of poor prognosis, and has recently been functionally associated with the Her2/neu (erb B-2) oncogene.
(>90% reduction). Interestingly, a significant accumulation of the DNA-binding protein PEA3, a member of the Ets transcription factor family that specifically targets a PEA3-binding motif present on the Her2/neu gene promoter and down-regulates its activity, was observed in orlistat-treated SKBr3 cells. When a Luciferase reporter gene driven by the Her2/neu promoter was transiently transfected in SK-Br3 cells, orlistat exposure was found to dramatically repress the promoter activity of Her2/neu gene, whereas a Her2/neu promoter bearing a mutated binding DNA sequence was not subject to negative regulation by orlistat, thus demonstrating that the intact PEA3 binding site on the Her2/neu promoter is required for the orlistat-induced transcriptional repression of Her2/neu overexpression. RNA interference (RNAi)-mediated silencing of FAS gene expression similarly repressed Her2/neu gene expression in a PEA3-dependent manner, thus ruling out a role for non-FAS orlistat-mediated effects. When the combination of orlistat and the anti-Her2/neu antibody trastuzumab (Herceptine) in either concurrent (orlistat + trastuzumab) or sequential (orlistat ! trastuzumab; trastuzumab ! orlistat) schedules was tested for synergism, addition or antagonism using the combination index (CI) method of Chou-Talalay, co-exposure of orlistat and trastuzumab demonstrated strong synergistic effects (CI 10 -90 = 0.110-0.847), whereas sequential exposure to orlistat followed by trastuzumab (CI 10 -90 = 0.380 -1.210) and trastuzumab followed by orlistat (CI 10 -90 = 0.605 -1.278) mainly showed additive or antagonistic interactions. Indeed, orlistatinduced FAS inhibition synergistically promoted apoptotic cell death when concurrently combined with trastuzumab as determined by an ELISA for histone-associated DNA fragments. Importantly, the degree of FAS expression in a panel of human breast cancer cell lines was predictive of sensitivity to orlistat-induced anti-proliferative effects as determined by a MTT-based characterization of
Introduction
An intense public interest has been generated by the characterization of the US Food and Drug Administration (FDA)-approved anti-obesity drug, orlistat (tetrahydrolipstatin; marketed by Roche as Xenicale), an irreversible inhibitor of pancreatic and gastric lipases [1, 2] , as a potent inhibitor of prostate tumor growth by virtue of its ability to block fatty acid synthase (FAS) activity [3] . FAS is a critical enzyme involved in the anabolic conversion of dietary carbohydrates to fatty acids in mammals [4 -7] . Up-regulation of FAS activity and expression, a minor anabolic-energy-storage FASdependent pathway in normal cells, is a very early and nearly universal up-regulation of FAS in many human cancers and their pre-neoplastic lesions. Its association with poor clinical outcome strengthens the hypothesis that FAS is involved in the development, maintenance, and enhancement of the malignant phenotype [8] [9] [10] [11] [12] [13] [14] . In this regard, pharmacological inhibitors of FAS are increasingly receiving more attention along with the recent reports suggesting that FAS may represent a molecular bridge connecting obesity and cancer [15] [16] [17] . Thus, while overweight and obesity are associated with an increased risk of cancer development and death from all cancers [18, 19] , high levels of FAS correlate with aggressive behaviors and poor prognosis in many human malignancies, including breast cancer [8] [9] [10] [11] [12] [13] [14] [15] [16] . Moreover, chemical FAS blockers, formerly characterized as antitumor cytotoxic agents (i.e. cerulenin, C75), may provide therapeutic moieties for the treatment of obesity as they robustly induce rapid and profound weight loss and loss of adipose mass by affecting both food intake and energy expenditure [20] [21] [22] . The reverse is also true because natural hypolipidemic agents such as the green tea component epigallocatechin-3-gallate can induce significant anti-proliferative and apoptotic effects in cancer cells by suppressing FAS [23 -25] .
As a part of our efforts to assess the role of FAS signaling on the survival and proliferation of breast cancer cells, we recently identified a novel bi-directional molecular linkage between breast cancer-associated FAS activity and Her2/neu (erb B-2), a well-characterized oncogene that is overexpressed in about 30% of breast carcinomas [26] [27] [28] . First, when FAS protein expression was characterized in a wide panel of human breast cancer cell lines, a positive correlation was found between high levels of FAS [29] . Secondly, Her2/neu overexpression stimulates the FAS gene promoter and ultimately mediates increased endogenous fatty acid biosynthesis, and this Her2/neu-induced FAS up-regulation is inhibitable by Her2/neu inhibitors such as trastuzumab [30] [31] [32] . Thirdly, pharmacological and RNA interference (RNAi)-induced inhibition of FAS activity and expression, respectively, negatively regulates Her2/neu oncogene expression at the transcriptional level [33] . Fourth, the degree of Her2/neu oncogene expression in a panel of breast cancer cell lines did predict sensitivity to chemical FAS inhibitors-induced cytotoxicity [34] . These findings, altogether, strongly suggest that a previously unrecognized bi-directional cross-talk between FAS and Her2/neu is taking place in human breast cancer cells.
The objective of the present study was four-fold. First, we sought to characterize the antitumoral effects of the b-lactone orlistat towards SK-Br3 breast cancer cells, which naturally overexpress orlistat target (i.e. FAS). Secondly, the ability of orlistat to block the thioesterase function of FAS was employed as an independent strategy to confirm that pharmacological inhibition of breast cancer-associated FAS activity, regardless of the mechanism of action of the chemical FAS blocker, is accompanied by the specific suppression of Her2/neu oncogene overexpression. Thirdly, we sought to elucidate the ultimate molecular mechanism through which FAS blockade leads to the suppression of Her2/neu oncogene overexpression in breast cancer cells. Fourthly, we evaluated the therapeutic value of combining orlistat and the monoclonal antibody against Her2/neu trastuzumab (Herceptine). Finally, we explored the correlation of orlistat-induced cytotoxicity with the status of FAS and Her2/neu expression in a wide panel of human breast cancer cell lines.
Although orlistat possesses extremely low oral bioavailability and it is obvious that a novel formulation will be required for treating tumors such as breast carcinomas, the findings of this study may open a new avenue for the development of more potent and/or bioavailable orlistat's variants targeting FAS as suitable drug candidates for the management of Her2/neu-overexpressing breast carcinomas.
Materials and methods

Cell lines and culture conditions
The human breast cancer cell lines SK-Br3, BT-474, MDA-MB-453, MDA-MB-435, MDA-MB-231, T47D and MCF-7 were obtained from the American Type Culture Collection (ATCC). Her2/neu-overexpressing MCF-7/Her2 (clone 18) cells and their matched control (empty vectortransfected) MCF-7/neo cells were provided by Mien-Chie Hung (The University of Texas MD Anderson Cancer Center, Houston, TX, USA). Breast cancer cell lines were routinely grown in phenol-red containing improved MEM (IMEM; Biosource International, Camarillo, CA, USA) containing 5% (v/v) heat-inactivated fetal bovine serum (FBS) and 2 mM L-glutamine. Cells were maintained at 378C in a humidified atmosphere of 95% air/5% CO 2 . Cells were screened periodically for Mycoplasma contamination.
Materials
Trastuzumab (Herceptine) and orlistat (Xenicale) were kindly provided by the Evanston Northwestern Healthcare Hospital Pharmacy (Evanston, IL, USA). Trastuzumab was solubilized in bacteriostatic water for injection containing 1.1% benzyl alcohol (stock solution 21 mg/ml), stored at 48C and used within 1 month. Orlistat was extracted from Xenicale capsules (Roche Applied Sciences) by solubilizing each pill in 1 ml of ethanol. Insoluble product was removed by centrifugation (14 000 Â g for 5 min). The supernatant yielded a solution of orlistat (250 mM), which was aliquoted and stored at À808C until use. 
Cell cycle analysis
Adherent and detached cells were collected after trypsin detachment, washed in phosphate-buffered salt solution (PBS) and centrifugated at 1500 rpm. Cells were resuspended at 2 Â10 6 cells/ml in PBS and fixed in ice-cold 80% ethanol for, at least, 24 h. Fixed cells were centrifugated at 300 Â g and each sample resuspended in propidium iodide (PI) stain buffer (0.1% Triton X-100, 200 mg of DNase-free RNase A, 20 mg of PI) in PBS for 30 min. After staining, samples were analysed using a FACScalibur (Becton Dickinson; San Diego, CA, USA) and ModFiT LT (Verity Software).
Flow cytometric analysis of Her2/neu expression
Cells were seeded on 100-mm plates and cultured in complete growth medium. Upon reaching 75% confluence, the cells were washed twice with pre-warmed PBS and cultured in serum-free medium overnight. Orlistat was added to the culture as specified, and incubation was carried out at 378C up to 48 h in low-serum (0.1% FBS). Then, the specific cell surface expression of Her2/neu-coded p185 Her2/neu oncoprotein was determined by measuring the binding of a mouse anti-Her2/neu antibody directed against the extracellular domain of p185 Her2/neu (clones Ab-5). and transferred to nitrocellulose membranes. Non-specific binding on the nitrocellulose filter paper was minimized by blocking for 1 h at room temperature (RT) with TBS-T [25 mM Tris-HCl, 150 mM NaCl (pH 7.5) and 0.05% Tween-20] containing 5% (w/v) non-fat dry milk. The treated filters were washed in TBS-T and then incubated with primary antibodies for 2 h at RT in TBS-T containing 5% (w/v) non-fat dry milk. The membranes were washed in TBS-T, horseradish peroxidase-conjugated secondary antibodies in TBS-T were added for 45 min, and immunoreactive bands were detected by enhanced chemiluminiscence reagent (Pierce, Rockford, IL, USA). Blots were re-probed with an antibody for b-actin to control for protein loading and transfer. Densitometric values of protein bands were quantified using Scion Imaging Software (Scion Corp., Frederick, MD, USA).
In situ immunofluorescent staining
Cells were seeded at a density of 1 Â 104 cells/well in a four-well chamber slide (Nalge Nunc International, Rochester, NY, USA Sciences). The magnitude of activation in Her2/neu promoter-luciferasetransfected cells was determined after normalization of the luciferase activity in cells co-transfected with equivalent amounts of the empty pGL2-Luciferase vector lacking the Her2/neu promoter (B-luciferase) and the internal control plasmid pRL-CMV. This control value was used to calculate the relative change in the transcriptional activities of Her2/neu promoter-luciferase-transfected cells in response to treatments after normalization to pRL-CMV. The activity of the wild-type promoter in untreated control cells was defined as 100%.
RNA interference-mediated silencing of the FAS gene 
Cell death ELISA
The induction of cell death was assessed using the Cell Death Detection ELISA PLUS Kit obtained from Roche Molecular Biochemicals USA (Indianapolis, IN, USA). This kit uses a photometric enzyme immunoassay that quantitatively determines the formation of cytoplasmic histoneassociated DNA fragments (mono-and oligonucleosomes) after apoptotic cell death. Briefly, cells (7.5 Â 10 3 /well) were grown in 96-well plates and treated, in duplicates, with trastuzumab, orlistat or trastuzumab plus orlistat as specified. The induction of apoptotic cell death was evaluated using cytosolic fractions obtained from pooled adherent and floating cells (obtained by centrifugation at 200 Â g for 10 min) by assessing the enrichment of nucleosomes in the cytoplasm using anti-histone biotin and anti-DNA peroxidase antibodies (RT for 2 h), and determined exactly as described in the manufacturer's protocol. After three washes, the peroxidase substrate was added to each well, and the plates were read at 405 nm at multiple time intervals. The enrichment of histone-DNA fragments in treated cells was expressed as a fold increase in absorbance compared with control (vehicle-treated) cells.
Cell viability
Cell viability was determined using a modified MTT reduction assay (Cell Tieter 96 Aqueous Non-Radioactive Cell Proliferation Assay, Promega Inc., Madison, WI, USA). Briefly, cells in exponential growth were harvested by trypsinization and seeded at a concentration of 3 Â 10 3 cells/200 ml/well into 96-well plates, and allowed an overnight period for attachment. Then the medium was removed and fresh medium along with graded concentrations of orlistat in the absence or presence of trastuzumab was added to the cultures. Compounds were not renewed during the entire period of cell exposure. Following treatments (4-5 days), 96-well plates were centrifuged at 200 Â g for 10 min and MTS/PMS solutions was added to each well at 1/5 volume. After incubation for 3 h at 378C in the dark, absorbances were measured at 490 nm using a multiwell plate reader. Control cells without agents were cultured using the same conditions with comparable media changes. Compounds were not renewed during the entire period of cell exposure. The cell viability effects from exposure of cells to each compound were analysed, generating concentration-effect curves as a plot of the fraction of unaffected (surviving) cells versus drug concentration. Dose-response curves were plotted as percentages of the control cell absorbances, which were obtained from control cells treated with appropriate concentrations of the compounds vehicles that were processed simultaneously. For each treatment, cell viability was evaluated as a percentage using the following equation:
ðA 490nm oftreatedsample=A 490nm ofuntreatedsamplesÞ £ 100
Orlistat sensitivity was expressed in terms of the concentration of the drug required for 50% decrease in cell viability (IC 50 ). Since the percentage of control absorbance was considered to be the surviving fraction of cells, the IC 50 value was defined as the concentration of orlistat that produced 50% reduction in control absorbance (by interpolation). Data presented summarize the mean (± SD) of three independent experiments made in triplicate.
Synergy studies: median-effect (Chou-Talalay) analyses Synergism, addition or antagonism for orlistat and trastuzumab was determined by the multiple drug analysis of Chou and Talalay, which is based on the median-effect principle. Details of this methodology have been published [35] [36] [37] . Briefly, this method involves plotting dose-effect curves for each agent and for multiply diluted, fixed ratio combinations of agents using the median-effect equation:
In this equation, D is dose, D m is the dose required for 50% effect (e.g. 50% inhibition of cell viability, IC 50 ), f a is the fraction affected by dose D (e.g. 0.9 if cell viability is decreased by 90%), f u is the unaffected fraction (therefore, f u ¼ 1 2 f a ), and m is a coefficient of sigmoidicity of the dose-effect curve; m = 1, >1 and <1 indicate hyperbolic, sigmoidal and negative sigmoidal dose-effect curves, respectively, for an inhibitory drug. Equation (1) may be rearranged as follows:
The parameters m and D m are easily determined by the medianeffect plot x ¼ logðDÞ versus y ¼ log½f a =ð1 2 f a Þ; which is based on the logarithmic form of equation (1) The conformity of the experimental data to the median-effect principle of the mass-action law was automatically provided by the computer printout in terms of the linear correlation coefficient (r-value) of the median-effect plots. In our studies, the r-values for orlistat, trastuzumab and their combinations were all >0.95.
Statistical analysis
All observations were confirmed by at least three independent experiments. The data are presented as means ± SD. The Student's t-test (paired and unpaired) was used to evaluate the statistical significance of mean values. Statistical significance levels were P <0.05 and P <0.005. All P values are two-tailed.
Results
Tetrahydrolipstatin, which is also known as orlistat and is marketed as Xenicale, is a derivative of a natural product containing a b-lactone moiety ( Figure 1A) . The b-lactone can undergo nucleophilic attack on the carbonyl carbon of the lactone ring by the active site serine of the esterase in the pancreatic lipase, yielding a covalent adduct between enzyme and inhibitor [2] . Recently, orlistat was found to inhibit the thioesterase function of FAS in a selective manner for tumorassociated FAS [3] . FAS enzymatic complex, which contains seven separate enzymatic pockets, is situated as a head-to-tail dimer with the ketoacyl synthase (KS) and malonyl (MT)/ acetyl transferase (AT) domains of one monomer working together with the dehydratase (DE), enoyl reductase (ER), ketoacyl reductase (KR), acyl carrier protein (ACP), and thioesterase (TE) domains on the adjacent monomer ( Figure  1B ). These enzymatic domains act sequentially to condense acetyl-CoA with malonyl-CoA to form a four-carbon intermediate [5 -7] . Six additional turns of the enzyme's cycle convert this intermediate to palmitate, which is then liberated from FAS by the action of the thioesterase domain [38] . Because FAS functions as a head-to-tail dimer, targeted inhibition of one of the enzymatic domains of FAS can ablate the activity of one or both FAS subunits [5, 7] . Cerulenin, a natural mycotoxin, is an antagonist of the b-ketoacyl synthase domain (the condensing enzyme) of FAS and functions by covalently modifying the active site cysteine, resulting in dead-end inhibition [39] . C75, a synthetic analog of cerulenin, also targets the condensing enzyme and inhibits fatty acid synthesis [40] . These two chemical FAS inhibitors suppress tumor cell proliferation, induce tumor cell apoptosis, and slow the growth of xenograft tumors, thus supporting the notion that FAS is a relevant drug target in oncology [40] [41] [42] [43] [44] [45] . Orlistat has recently been characterized as a potent and selective inhibitor of FAS in prostate carcinomas cells and, unlike cerulenin and C75, orlistat elicits its effects by inhibiting the thioesterase domain of FAS, which is responsible for releasing palmitate from the enzyme's acyl carrier protein [3, 46] .
Orlistat induces blockade of cell cycle progression
To determine the effects of orlistat on breast cancer cell-cycle progression, SK-Br3 cells, after an overnight starvation period in media without serum, were exposed to a saturating concentration of orlistat (40 mM) in low-serum (0.1% FBS) conditions. The distribution of cells in different phases of the cell cycle was assessed at 6, 24, 48 and 72 h using flow cytometry.
The time-dependent response of SK-Br3 breast cancer cells to orlistat was characterized by a loss of the G 2 -M population, as well as an accumulation of cells in the S-phase of cell cycle. Importantly, orlistat exposure substantially promoted apoptosis as evidenced by a time-dependent accumulation of sub-G 1 populations that has <2N DNA and represents dead cells (Figure 2A) . A more detailed analysis of cell-cycle distribution was performed in SK-Br3 cells incubated for 72 h with increasing concentrations of orlistat (0 -20 mM) using the ModFiT LT software ( Figure 2B, C) . Orlistat-induced inhibition of FAS activity produced, in a dose-dependent manner, a dramatic reduction in the proportion of G 2 -M cells (from 10% in untreated control cells to 2.5% in the presence of 20 mM orlistat), while it significantly increased the proportion of S-phase cells by five-fold (from 11% in untreated control cells to 53% in the presence of 20 mM orlistat). Moreover, a dramatic dosedependent increase in sub-G 1 (apoptotic) cells was observed following exposure to increasing concentrations of orlistat (up to 54% compared with 3% in untreated control cells).
Most of the fatty acids produced by tumor cells are incorporated into membrane phospholipids, and phospholipid synthesis is inhibited when fatty acid synthesis is inhibited [47, 48] . Phospholipid biosynthesis is greatest during the G 1 and S phases, with doubling of the membrane mass occurring during S phase in preparation for cell division [49] . Indeed, most of the phospholipid accumulation in preparation for mitosis takes place during the S phase [49] . Our current results demonstrating the ability of orlistat to arrest the cell cycle at the G 1 -S transition in breast cancer cells strongly indicates that orlistat and other orlistat-related b-lactones, through its ability to disrupt the endogenous fatty acid metabolism, should be considered to be a promising class of novel chemotherapeutics that could be exploited for anti-breast cancer therapy.
Orlistat promotes apoptotic cell death of SK-Br3 breast cancer cells
Poly(ADP-ribose) polymerase (PARP), a nuclear enzyme involved in DNA repair and activated in response to DNAdamage, is an early target of caspases during apoptosis [50] [51] [52] . The specific cleavage of this protein by caspase-3 onto 89-and 24 kDa fragments is considered to be a hallmark of the apoptotic mode of cell death [50] [51] [52] [53] . Here, PARP cleavage was detected immunocytochemically using an antibody that recognizes its 89-kDA fragment (PARP p89). The frequency and extent of PARP cleavage in its cell-cycle position was measured by multiparameter flow cytometry [54] . Figure  2D presents bivariate distributions (scatter-plots) representing immunufluorescence of PARP p89 versus DNA content of SK-Br3 cells treated with 20 mM orlistat for 72 h. Although cells from all phases of the cycle showed evidence of increased PARP cleavage in orlistat-treated cells, it was quite evident that PARP cleavage was more selective to cells progressing to the G 1 phase. Thus, this analysis revealed that the percentage of G 1 phase cells exhibiting PARP cleavage was about six-fold higher compared with G 1 -associated PARP cleavage in the untreated population. These findings, together with the above results demonstrating a decline in the G 1 population of orlistat-treated cells, reveal that orlistat-induced FAS blockade does not promote arrest in G 0 -G 1 as breast cancer cells are prompted to apoptosis as revealed by the degradation of PARP.
Orlistat down-regulates p185
Her2/neu expression Since we previously demonstrated that chemical FAS inhibitors cerulenin and C75 strongly repressed Her2/neu oncogene overexpression in cancer cells [33] , we here evaluated whether orlistat-induced FAS blockade similarly promoted down-regulation of Her2/neu expression in SK-Br3 breast cancer cells. Flow cytometric analyses using a monoclonal antibody directed against the extracellular domain of Her2/neu (Ab-5; Figure 3A ) established the ability of orlistat to dramatically decrease the expression levels of cell surface-associated Her2/neu in SK-Br3 (up to 90% reduction; Figure 3B ). Although p185 Her2/neu is a transmembrane oncoprotein, its cytoplasmic domain can also function as a nuclear transcriptional activator [55, 56] . Therefore, we analyzed the impact of . To address this question, orlistattreated SK-Br3 cells were permeabilized with Triton X-100 for the intracellular delivery of antibodies directed against the extracellular domain and the carboxy terminal 14 cytoplasmic amino acids of p185
Her2/neu (Ab-5 and Ab-3, respectively; Figure 3A ). Untreated cells showed a prominent cell-surface staining of p185
Her2/neu ( Figure 3C, panel i) . Upon orlistat treatment, the membrane staining of p185
Her2/neu was clearly diminished when the subcellular localization of p185 Her2/neu was assessed with wither Ab-5 (data not shown) or Ab-3 ( Figure 3C, panel ii) . Although p185
Her2/neu was somewhat distributed through the cytoplasm in orlistat-treated SK-Br3 cells, we failed to observe a prominent nuclear accumulation of p185
Her2/neu as we previously reported in Her2/neu-overexpressing cancer cells treated with the FAS blocker C75 [33] . A significant decrease in the expression of Her2/neu-coded p185
Her2/neu oncoprotein was also observed in Western blotting analyses of cell lysates from orlistat-treated SK-Br3 cells using the Ab-3 monoclonal antibody recognizing the carboxyl terminal 14 amino acids of p185
Her2/neu ( Figure 3D ). Equivalent results were found in Her2/neu-overexpressing BT-474 breast cancer cells (data not shown). These findings support the notion that Her2/neu oncogene may act as the key molecular sensor of energy imbalance after the perturbation of FAS activity in cancer cells [33] .
Orlistat inhibits Her2/neu promoter activity through the Ets transcription factor PEA3
To characterize the specific mechanism through which orlistat-induced inhibition of FAS activity molecularly modulated Her2/neu oncogene expression, we performed transient transfection experiments with a luciferase reporter gene driven by the Her2/neu promoter (pNulit). Remarkably, orlistat treatment was found to profoundly repress the activity of Her2/neu gene promoter (up to 60% inhibition) in SK-Br3 breast cancer cells ( Figure 3E, left panel) . We sought an independent means of inhibiting FAS to solidify the role of this enzyme in regulating Her2/neu promoter activity. Therefore, we compared orlistat and siRNA-targeting FAS for the ability to knock down the transcriptional activation of Her2/neu gene in SKBr3 breast cancer cells. RNAi-mediated silencing of FAS reduced the level of FAS protein [33] and likewise downregulated Her2/neu promoter activity by about 50% ( Figure  3E, left panel) . Together, these findings provide strong support for the idea that a FAS blockade in breast cancer cells acts upon Her2/neu oncogene expression, at least in part, via regulation of Her2/neu promoter activity.
To gain additional insight into the molecular mechanisms underlying the repression of Her2/neu promoter activity induced by orlistat, we examined the expression of Her2/neu regulator PEA3 following orlistat-induced blockade of FAS activity in SK-Br3 cells. The DNA-binding protein PEA3, a member of the Ets transcription factor family, specifically targets a DNA sequence on the Her2/neu promoter and downregulates its promoter activity thus suppressing Her2/neu overexpression and inhibiting tumorigenesis [52, 58] . Interestingly, a significant accumulation of the DNA-binding protein PEA3 was observed following orlistat exposure ( Figure 3D ). Moreover, when orlistat's effects on the transcriptional activation of Her2/neu gene were characterized on a Her2/neu promoter bearing a mutated PEA3 binding sequence (5 0 -AGGAAG-3 0 to 5 0 -AGCTCG-3 0 ), the luciferase reporter gene driven by the PEA3 site-mutated sequence was not subject to negative regulation by either orlistat or siRNA FAS ( Figure 3E, right  panel) . As previously demonstrated by Xing et al. in SKOV-3 and MDA-MB-453 cells [57] , when the levels of wild-type and mutant Her2/neu promoter activities were compared in untreated control cells, the mutant promoter was significantly less active than the wild-type in SK-Br3 cells. These results, altogether, strongly suggest that orlistat, through its FAS target, represses Her2/neu promoter activity through a positive regulatory PEA3-binding DNA motif. Equivalent results were found in Her2/neu-overexpressing BT-474 breast cancer cells (data not shown).
Orlistat co-exposure synergistically enhances trastuzumab efficacy in Her2/neu-overexpressing breast cancer cells
We explored whether the down-regulatory effects of orlistat on Her2/neu gene expression could modulate the growth inhibitory effects of trastuzumab (Herceptine), a humanized monoclonal antibody binding with high affinity to the ectodomain of p185
Her2/neu oncoprotein and showing encouraging therapeutic effects in patients with Her2/neu-overexpressing metastatic breast cancer [59] [60] [61] [62] . Although there remains controversy over which method is best for detecting true in vitro synergy between drug combinations, the combined cytotoxic effect of orlistat and trastuzumab was assessed using the median-effect plot analysis of Chou and Talalay [35] [36] [37] . This procedure allows the characterization of drug interactions with a single number, the Combination Index (CI). The CI parameter indicates whether the doses of the two agents required to produce a given degree of cytotoxicity are greater than (CI >1 or antagonism) equal to (CI = 1 or addition) or less than (CI <1 or synergism) the doses that would be required if the two agents were strictly additive. For this type of analysis and for each drug separately (i.e. orlistat and trastuzumab), we measured how the fraction affected (i.e. the fractional cell toxicity) varied with differing doses. For two drugs in combination (i.e. orlistat + trastuzumab, orlistat ! trastuzumab or trastuzumab ! orlistat) we varied the doses orlistat or 200 nM siRNA-targeting FAS for 48 h. The activity of the wild-type promoter in the absence of treatments was defined as 100%. Values shown are means (columns) ± SD (bars) from triplicate wells, and are representative of repeated experiments. Student's t-test was used to evaluate the statistical significance of mean values. Statistical significance level was P <0.005 (denoted as **).
of the two agents while monitoring the fraction affected; however, the doses were varied such that a constant ratio of agent 1 (orlistat) to agent 2 (trastuzumab) was maintained. Specifically, 1.5, 2.0-and 3.0-fold serial dilutions of orlistat and trastuzumab were prepared and combined with each other from the lowest to the highest concentration while assessing the cell fraction affected. The combination ratio was designed to approximate the IC 50 ratio of the drugs determined in preliminary experiments, so that the contribution of the effect for orlistat and trastuzumab in the mixture would be the same (i.e. equipotency ratio). Figure 4A shows the CI plots at various effect levels (fraction affected) for the combination of orlistat and trastuzumab in SK-Br3 cells using different schedules of administration. The synergy observed with concurrent orlistat and trastuzumab exposure for 96 h was apparent at all the levels of cell kill (10%, 30%, 50%, 70% and 90%), with CI values ranging from 0.110 (strong synergism) to 0.847 (moderate synergism). Although the CI values obtained in SK-Br3 cells exposed for 48 h to orlistat before exposure to trastuzumab for 48 h also suggested a synergistic effect under this sequential schedule (CI = 0.380 at the IC 10 , CI = 0.514 at the IC 30 ), this regimen became additive and slightly antagonist at levels exceeding the 50% cell kill boundary (CI = 1.210 at the IC 90 ). These findings suggest that co-exposure of Her2/neuoverexpressing SK-Br3 cells to FAS inhibitor orlistat and antiHer2/neu antibody trastruzumab is necessary for maximal augmentation of cytotoxicity, whereas sequential administration of trastuzumab followed by orlistat significantly reduces the synergism between the two agents.
To determine whether the synergy between orlistat and trastuzumab was accompanied with an increase in the extent of apoptosis, SK-Br3 cells were exposed to trastuzumab in the absence or presence of increasing concentrations of orlistat, cell death was measured by an ELISA that detected DNA-histone fragmentation, and the x-fold increase in apoptotis-related cell death was calculated by comparing the ELISA optical density reading of treated samples with the values of untreated cells as 1.0. SK-Br3 cells co-treated with trastuzumab and orlistat exhibited a higher degree of cell death compared with that observed when trastuzumab and orlistat were used as single agents ( Figure 4B) . Therefore, the increased sensitivity to trastuzumab seen in orlistat-treated SK-Br3 cells is not simply the result of changes in cell proliferation, but might actually be due to increases in apoptotic cell death following orlistat-induced cell damage.
High levels of FAS determine breast cancer cell hypersensitivity to orlistat
We finally characterized the relationship between the cytotoxic effects of orlistat and the expression of FAS in a panel of human breast cancer cell lines. Cells were seeded in microtiter plates and then cultured in the absence or presence of increasing concentrations of orlistat until untreated cells reached confluence. Then, the metabolic status of breast cancer cells was judged by the mitochondrial conversion of the tetrazolium salt, MTT, to its formazan product (MTT assay). Concentration -effect curves were generated by To conclusively confirm the selectivity of orlistat toward FAS and Her2/neu overexpressors, we analyzed the cytotoxic effects of orlistat following the forced expression of Her2/neu oncogene in MCF-7 breast cancer cells, which naturally express moderate levels of both FAS and Her2/neu [29] . In this scenario, we recently demonstrated that transfection with the full-length cDNA of the human Her2/neu oncogene results in a significant enhancement of activation of a FAS promoter -reporter construct up to three-fold higher than that found in wild-type MCF-7 cells [32] which, in turn, induces a significant accumulation of FAS protein compared with matched control MCF-7/neo cells ( Figure 5B, top panel) . Interestingly, MCF-7/Her2-18 cells were noticeably more sensitive to orlistat-induced cytotoxicity compared with control cells, and the magnitude of this sensitization (up to 2.5-fold) did correlate with the level of Her2/neu-promoted up-regulation of FAS expression ( Figure 5B , bottom panel). These studies support the argument that Her2/neu overexpression, through its ability to stimulate FAS expression may be sufficient to induce a greater sensitivity of breast cancer cells to orlistat. 
Discussion
The lipogenic enzyme FAS, also called oncogenic antigen-519, is selectively and highly expressed in virulent breast cancers [8, 9, 63, 64] . In two separated studies that examined stage I (<2 cm, negative axillary lymph nodes) breast carcinoma patients, high FAS expression was associated with a four-fold increase in risk of death [8, 9] . Remarkably, the differential expression of FAS between cancer and normal cells may provide a useful drug target for the development of novel therapeutic anti-metabolites [41] . Previous studies of intratumoral injection of the natural FAS blocker cerulenin demonstrated local efficacy of FAS inhibition against a human cancer xenograft but were limited to the failure of cerulenin to act systemically [65] . Recently, Kuhajda and co-workers described the de novo synthesis of a synthetic, chemically stable inhibitor of mammalian FAS, C75, based on the known mechanism of action of cerulenin [40] . C75 treatment of MCF-7 human breast cancer xenografts showed significant antitumor activity with concomitant inhibition of fatty acid synthesis in tumor tissue and normal liver [66] . Importantly, histopathological analysis of normal tissues after C75 treatment showed no adverse effects on proliferating cellular compartments, such as bone marrow, gastrointestinal tract, skin or lymphoid tissues. Moreover, the primary mechanism of the antitumor activity of C75 was mediated through its interaction, and inhibition of, FAS. Thus, increasing bodies of in vitro and in vivo evidence strongly suggest that pharmacological inhibition of FAS represents a novel therapeutic approach in human breast cancer. Unfortunately, cerulenin and C75 are now known to have other molecular targets [67] [68] [69] , so searches for additional antagonists of FAS with better selectivity and distinct mechanisms of action are warranted.
Our study confirms that micromolar concentrations of orlistat, a drug approved for treating obesity and recently characterized as a potent and selective inhibitor of FAS in prostate carcinoma cells [3] , induce potent anti-proliferative and apoptotic effects in breast cancer cells through its ability to block the lipogenic activity of FAS. These results not only reinforce the notion that breast cancer-associated FAS activity is a relevant molecular target for drug development in oncology, but further demonstrate a close involvement of Her2/neu (erb B-2) oncogene, the overexpression and/or activation of which is known to play an important role in the etiology, aggressive progression and poor clinical outcome of breast carcinomas. Thus, when we characterized signaling molecules participating in the cellular events that followed orlistat-induced inhibition of FAS activity and preceded inhibition of breast cancer cell proliferation, orlistat treatment was found to dramatically suppress Her2/neu expression in SK-Br3 and BT-474 cell lines, two in vitro models of FAS and Her2/neu-overexpressing breast cancer [29] . This observation supports our prior work in which pharmacological and RNAi-mediated blockade of FAS signaling was found to suppress Her2/neu overexpression in cancer cells [33] . Indeed, the ability of orlistat to deplete Her2/neu oncoprotein in breast cancer cells constitutes an independent strategy to confirm that FAS inhibition, regardless of the mechanism of action of the chemical FAS blocker, is accompanied by the specific suppression of Her2/neu oncogene. These findings strongly support the idea that breast cancer-associated FAS is not a mere manifestation of early and common cancer-associated epigenetic changes but rather actively contributes to the breast cancer phenotype by regulating the expression, activity and cellular localization of Her2/neu oncogene [16, 33, 34] .
The present study also provides new insight into the mechanisms underlying the connection between breast cancerassociated FAS and Her2/neu oncogene. Unlike the humanized anti-Her2/neu monoclonal antibody trastuzumab (Herceptine), which targets the ectodomain of Her2/neu receptor and promote its degradation, FAS blockade appears to mitigate Her2/neu overexpression, at least in part, via PEA3 binding to the Her2/neu promoter, thus suppressing its transcriptional activity. Therefore, this distinct mechanism of action should not be affected by the mechanisms of resistance described for trastuzumab-based anti-Her2/neu immunotherapy [70 -73] . Moreover, orlistat-induced inhibition of FAS activity significantly enhanced the anti-proliferative effects of trastuzumab. To evaluate the nature of the interaction following three different schedules of administration (orlistat + trastuzumab, orlistat ! trastuzumab and trastuzumab ! orlistat), which might be synergistic, additive or antagonistic, we used the Chou and Talalay analysis, a mathematical method employed for assessing the combined effect of antitumor drugs in vitro as a preclinical screening test [35] [36] [37] . Our studies demonstrated that the greatest number of synergistic combinations as well as the greatest magnitude of synergy was observed when Her2/neu-and FAS-overexpressing SKBr3 breast cancer cells were exposed to the two agents simultaneously, whereas additive or even antagonistic interactions were observed when either FAS blocker orlistat preceded trastuzumab or trastuzumab preceded orlistat, respectively. Indeed, orlistat-induced transcriptional repression of Her2/neu gene, when concurrently combined with sub-optimal concentrations of trastuzumab, was able to promote high levels of apoptotic cell death in Her2/neu-overexpressing breast cancer models. From a clinical perspective, these findings suggest that the simultaneous administration of orlistat-related anti-FAS compounds and trastuzumab may be the optimal schedule for the combination in terms of cytotoxic effects. Although the ultimate molecular mechanisms of interaction operating with these schedules were not conclusively addressed by our experiments, these events may be related to the relative output of Her2/neu-driven signaling in breast cancer cells. We recently demonstrated that the synergistic inhibition of breast cancer cell viability following the concomitant targeting of Her2/neu and FAS using sub-optimal doses of trastuzumab and chemical FAS blockers cerulenin and C75 was accompanied by a dramatic reduction on Her2/neu expression levels [33] . This strongly suggests a novel role of Her2/neu as a key molecular sensor of the energy imbalance that follows perturbation of cancer-associated endogenous fatty acid metabolism. Our current approach further demonstrates that the simultaneous combination of a FAS inhibitor, such as orlistat and trastuzumab, is more effective than the single treatments in inducing cytotoxicity and apoptotic cell death toward Her2/neu-overexpressing breast cancer cells. These findings support the clinical potential of concurrent treatments using FAS blockers, which seem to repress Her2/neu oncogene expression at the transcriptional levels by up-regulating PEA3, and monoclonal antibodies to Her2/neu such as trastuzumab, which targets the ectodomain of p185
Her2/neu and promotes Her2/neu protein degradation [74 -76] . Pre-exposure to orlistat does not affect FAS expression [3] , while significantly down-regulating Her2/neu expression. This, in turn, may raise the sensitivity threshold for trastuzumab-induced cell growth inhibition, then contributing to the observed reduction of synergism under a sequential schedule orlistat ! trastuzumab. Pre-exposure to trastuzumab not only reduces p185 Her2/neu but further down-regulates FAS [30, 31] . Under these conditions, trastuzumab pretreatment not only decreases the levels of orlistat's target (i.e. FAS) but further blocks one of the molecular mechanisms through which FAS blockade promotes breast cancer cell toxicity (i.e. Her2/neu down-regulation). Accordingly, the trastuzumab ! orlistat schedule yields the highest CI (i.e. antagonistic) values in all the combinations tested for orlistat and trastuzumab. Nonetheless, considering that preclinical studies clearly indicate that transcriptional repressors that down-regulate Her2/neu promoter activity can be effective regimens for cancer treatment [77] , if chemically stable FAS inhibitors or cancer cell-selective vector systems able to deliver RNAi targeting FAS gene demonstrates systemic anticancer effects in vivo, our results render FAS as a promising therapeutic target to influence the outcome of Her2/neu-overexpressing breast carcinomas. Recent experimental and epidemiological data strongly suggested a protective effect of statins on cancer and further support a role of statins in chemoprevention and, perhaps, treatment of cancer disease [78 -81] . The molecular mechanisms underlying the anticancer activity of different statins, however, remain largely uncertain. The ability of statins such as simvastatin to block the enzymatic activity of 3-hydroxy-3-methylglutaryl-coenzyme A reductase, might prevent the expression of the oncogenic phenotype by blocking the activation of oncoproteins such as k-Ras [78] [79] [80] [81] . This mechanism of action, however, should not affect the transcription of oncogenes and, therefore, precludes the potential of simvastatin-related statins to affect the malignant phenotype. However, orlistat actively regulates the malignant phenotype of breast cancer cells as it suppresses Her2/neu oncogene expression by blocking the lipogenic activity of FAS. Though orlistat possess extremely low oral bioavailability, it is obvious that a novel formulation and/or route of administration will be required for treating tumors such breast carcinomas. In its approved formulation orlistat is administered orally, which could be useful in treating tumors of the gastrointestinal (GI) tract. Interestingly, we have recently found orlistat to block Her2/neu overexpression and induce apoptosis in the highly-metastatic NCI-N87 stomach carcinoma cell line [82] , thus suggesting that this selective lipase inhibitor used for treating obesity may represent a suitable drug candidate for treating Her2/neu-overexpressing GI carcinomas through its ability to block cancer-associated FAS hyperactivity. Moreover, future analyses of the incidence and clinical outcome of gastrointestinal carcinomas in a representative obese population earlier receiving orlistat treatment, may illustrate further its chemopreventive effects to GI cancers. Nevertheless, its potent pro-apoptotic activity, which is accompanied by a dramatic down-regulation of Her2/neu oncogene, and the synergistic interaction that occurs following co-treatment with orlistat and trastuzumab, cannot exclude the notion that more potent or bioavailable variants of orlistat and/or orlistat-related b-lactones as suitable drug candidates for treating Her2/neuoverexpressing breast carcinomas.
